To achieve national greenhouse gas reduction in the building sector, heating and cooling energy in buildings should be reduced. The government has strengthened regulations on insulation performance for building energy savings. However, the building envelope has various thermal bridges. In particular, a metal panel curtain wall comprises a number of thermal bridges at joints between the panels and the fixing units, thus degrading the overall thermal performance. To reduce building energy, it is necessary to reduce thermal bridges in building envelopes. This study aims to analyze the energy saving potential achieved by reducing thermal bridges. For this, the insulation performance and building energy needs of the existing and alternative metal panel curtain wall were evaluated. The alternative metal panel curtain wall that uses plastic molds at joints between panels and the thermallybroken brackets was suggested to reduce heat loss through thermal bridges. As results, the effective U-value of the alternative metal panel curtain wall was reduced by 72% compared with the existing metal panel curtain wall. In addition, annual heating energy needs of the alternative metal panel curtain wall building was reduced by 26%, and annual total energy needs was reduced by 6% because annual cooling energy needs of it slightly increased compared with the existing metal panel curtain wall. In conclusion, the alternative metal panel curtain wall considerably influenced the savings in building energy needs by reducing thermal bridges.
Introduction
The Paris Agreement will be effective by 2020 according to the 2015 United Nations Climate Change Conference of the Parties. At the Cabinet meeting conducted in South Korea in June 2015, it was decided to reduce greenhouse gas emissions to 37% compared to business as usual (BAU) by 2030. To help achieve a national target of greenhouse gas reduction in the building sector, heating and cooling energy savings is as a major goal, and the government has reinforced insulation regulations, which mandate a strengthened U-value. Other countries around the world are also facing similar situations. However, various thermal bridges occur in actual building envelopes. Despite strengthening a required U-value, it is often the case that the actual insulation performance does not live up to the required U-value because the U-value, which assumes one-dimensional heat transfer, cannot reflect the multidimensional heat transfer through thermal bridges. Thus, it is essential to reduce thermal bridges to reinforce the actual insulation performance of building envelopes.
Meanwhile, easy-to-install metal curtain walls are increasingly used because high-rise buildings are becoming more common. A large number of thermal bridges occur in metal curtain walls because a multitude of metal materials with an extremely high thermal conductivity are installed in the walls. Although metal panel curtain walls use insulationembedded metal panels, which cover insulation materials with metals as major exterior wall materials, and are widely adopted in buildings in general because they are easy to install and affordable, it is necessary to address a thermal bridge issue because multiple thermal bridges repeatedly occur in metal panel joints and significantly reduce the insulation performance. In this regard, this study aims to make suggestions to reduce thermal bridges in joints between metal panels and evaluate the effects of the alternative metal panel curtain wall on energy reduction compared with existing metal panel curtain wall. To accomplish this, this study used Physibel TRISCO v.12.0w [1] , conducted a three-dimensional steady-state heat transfer simulation on a typical external wall area of the existing and alternative metal panel curtain walls, calculated the effective U-value, and compared and evaluated the insulation performance. On a 10-story office building in which the existing and alternative metal panel curtain walls were applied, the study used DesignBuilder v4.5 [2] , carried out dynamic energy simulations, calculated annual heating and cooling energy needs, and compared and evaluated them.
Literature review
Many existing studies have examined insulation performance in consideration of thermal bridges and their on the total energy of a building. Regarding studies that examined insulation performance in consideration of thermal bridges, Koo et al. [3] looked into the effects of thermal bridges on the insulation performance of curtain walls based on the ratio of metal parts in the walls, whereas Song et al. [4] divided building envelopes into various types, conducted a three-dimensional heat transfer simulation, calculated the effective U-value, and evaluated the actual insulation performance affected by thermal bridges. Regarding studies that examined the effects of thermal bridges on the total energy of a building, Song et al. [5] applied linear thermal transmittance to parts in which thermal bridges occurred and evaluated the effects of removing thermal bridges and increasing the thermal capacity in apartment houses with an external insulation system as opposed to an internal insulation system in terms of the savings in annual heating and cooling energy. Shin et al. [6] used the effective U-value that reflects the impact of thermal bridges and evaluated the annual energy performance of a curtain wall office building. Kim et al. [7] conducted three-dimensional simulation on parts with thermal bridges, calculated the effective U-value, and then applied the value to dynamic building energy simulations and evaluated the annual energy performance of apartment houses. In addition, Ascione et al. [8] calculated the U-value based on approaches to thermal bridges and then applied the value to the dynamic building energy simulation and analyzed differences in thermal behavior depending on the modeling method. Martin et al. [9] introduced the homogeneous multilayer equivalent wall, which behaved similar to thermal bridges, and reflected thermal bridge effects on the building energy simulation. Thus far, however, there seems to have been few studies that examine ways to reduce thermal bridges in metal panel joints and analyze their energy-saving effects.
Comparison of Insulation Performance Based on Three-dimensional Heat Transfer Simulation on a Typical External Wall Area

Outline of Alternative Metal Panel Curtain Wall
To install metal panel curtain walls, cross or vertical steel trusses are usually fixed on the floor slab, and then insulation-embedded metal panels are fixed to the steel trusses with H-shaped aluminum brackets. The front and rear of insulation of metal panels are made of steel sheets, whereas the insulation sides are wrapped and manufactured by an aluminum mold that has bracket insertion slots. Sometimes, a polyurethane thermal breaker (Azon) is inserted into the aluminum mold to reduce thermal bridges. Because metal panels are installed repeatedly from top to bottom and left to right, joints between metal panels where aluminum molds are installed become linear thermal bridges, which occur over and over again. Aluminum brackets that fix metal panels to steel trusses become point thermal bridges. The alternative metal panel curtain wall that improves on the aforementioned existing metal panel curtain wall aims to reduce lineal thermal bridges that occur repeatedly in metal panel joints by replacing the existing aluminum molds where a polyurethane thermal breaker (Azon) is inserted with the acrylonitrile butadiene styrene (ABS) plastic molds that have lower heat conductivity and stronger structural strength. In addition, the alternative metal panel curtain wall attempts to reduce point thermal bridges that occur in some metal panel joints by applying an insulated bracket with an inserted polyurethane thermal breaker (Azon) instead of the existing H-shaped aluminum bracket. Table 1 describes the existing and alternative metal panel curtain walls, and Table 2 and 3 show the existing and alternative molds and brackets. 
Outline of Insulation Performance Comparison
(1) Conditions for Heat Transfer Simulation The study used Physibel TRISCO v.12.0w [1] , a program for three-dimensional steady-state heat transfer simulation, and compared the insulation performance between the existing and alternative metal panel curtain walls. Table 4 lists the boundary conditions applied in the simulation. The outdoor and indoor temperatures were set at -11.3°C, an outdoor design temperature for heating in Seoul, and 20.0°C, a heating temperature for an office building, as set forth in the Code for Energy-efficient Building Design (Ministry of Land, Infrastructure, Transport Notice No. 2015-1108) [10] . The outdoor and indoor surface heat transfer coefficients also followed those defined in the same standards. Material properties in the Guideline of the Code for Energy-efficient Building Design [11] and other references listed in Table 5 were applied. (2) Methods to Compare Insulation Performance For the purposes of comparing insulation performance between the existing and alternative metal panel curtain walls, the effective U-values were calculated and compared by Equation (1), using the total heat loss derived from heat transfer simulation. For the typical external wall area for heat transfer simulation, including all parts in which thermal bridges occurred repeatedly, modeling principles for thermal bridge parts set forth by ISO 10211 [16] were reflected and set accordingly, and the results are shown in Figure 1 . The evaluated wall area for the heat transfer simulation included the opaque exterior walls of an office building, which covered all floor slabs and ceiling plenums to which trusses were fixed. It was assumed that a metal panel unit was 2,000 mm in width and 1,000 mm in height. It was also assumed that insulation materials built in a metal panel consisted of 55 mm thick phenolic foam and a 20 mm thick vacuum-insulation panel (VIP), and gypsum boards were used as interior materials. I-beams and steel materials fixed to ceilings, which were considered to have little effect on insulation performance, were not included for heat transfer simulation modeling. By setting the same external and internal surface areas for the existing and alternative metal panel curtain walls in a heat transfer simulation model, the study facilitated the comparison of insulation performance between them.
(1) Figure 1 . Three-dimensional heat transfer simulation model Table 6 shows the results of an insulation performance comparison between the existing and alternative metal panel curtain walls. As in the temperature distribution in Table 6 , linear and point thermal bridges occurred in the existing metal panel curtain wall owing to aluminum molds installed on vertical and horizontal joints between metal panels and aluminum brackets installed on horizontal joints near cross joints connecting metal panels, and the external surface temperatures of the parts with these thermal bridges were shown as high. By contrast, in the alternative metal panel curtain wall, local heat loss caused by thermal bridges decreased as ABS plastic molds and thermal broken brackets were applied. In terms of the total heat loss, the alternative metal panel curtain wall showed 26 W, a 72% decrease from the existing metal panel curtain wall, and in terms of effective U-value, the alternative metal panel curtain wall showed 0.14 , a 72% decrease from the existing metal panel curtain wall. 
Results of Insulation Performance Comparison
Annual Heating and Cooling Energy Needs Comparison Based on Building Energy Simulation of Entire Building
Overview for Annual Heating and Cooling Energy Needs Comparison
(1) Overview of the Building Energy Simulation The building chosen by this study for simulation was an office building with metal panel curtain walls in Seoul, whose construction was recently completed. The overview for the building is shown in Table 7 , and a plan and elevations are provided in Figure 4 . DesignBuilder v4.5 [2] , which uses the building energy stimulation program Energy Plus as a calculation engine, was used. Standard weather data of Seoul [17] were applied, and the calculation interval was set to 1 h. To model thermal bridges, the study set an additional virtual layer of materials that had no thermal capacity on top of the existing and alternative metal panel curtain walls and reflected additional heat transfer coefficients caused by thermal bridges. Heating and cooling energy needs, which could be defined as heat to be delivered to and extracted from a conditioned space to maintain the set-point temperatures, were calculated to compare between the existing and alternative metal panel curtain walls. The results of the modeling of the building are demonstrated in Figure 2 .
The exterior walls of the building followed the composition of the existing and alternative metal panel curtain walls and the U-value for other parts was set in a way that satisfied the current insulation regulations (The Code for Energyefficient Building Design, Ministry of Land, Infrastructure, Transport Notice No. 2015-1108) [10] . Tables 8, 9 and 10 illustrate the composition of structure, material properties, and window, and glass composition. Table 11 shows the input value for the simulation. The temperature set for heating and cooling, internal heat gain, ventilation rate and schedule were set in accordance with the Operational Provisions for the Building Energy Efficiency Rating System [18] , except for the internal heat gain from lighting. Because these standards did not specify internal heat gain from lighting, it was set at 12.6 W/ in reference to an applicable material [19] . To model the additional heat transfer caused by thermal bridges in the existing and alternative metal panel curtain walls, a virtual layer of materials with no thermal capacity was added to the exterior walls, and additional heat transfer coefficients depending on the linear thermal transmittance and the length of a linear thermal bridge were calculated by Equation (2) and reflected in the virtual layer. This method is used for thermal bridge modeling in DesignBuilder v4.5 [2] . Additional heat transfer coefficients were calculated only for linear thermal bridges such as those on molds in joints between metal panels. Because point thermal bridges in brackets were not continuous and showed up in parts that were extremely small compared with the entire exterior wall, they were not included for additional heat transfer coefficient calculation.
(2) (3) Calculation of Linear Thermal Transmittance and Additional Heat Transfer Coefficients
Physibel BISCO v.10.0w [20] , a program for two-dimensional steady-state stimulation, was used to calculate the linear thermal transmittance in each linear bridge. Table 4 describes the outdoor and indoor boundary conditions applied to the heat transfer simulation, and Table 5 shows the material properties.
To calculate the linear thermal transmittance, the study applied thermal bridge part modeling principles suggested by ISO 10211 [16] to cut-off planes for heat transfer simulation parts. Vertical linear thermal bridges were divided into those between a panel and a window (P-W) and those between a panel and a panel (P-P) as illustrated in Figure  4 to set cut-off planes. Horizontal linear thermal bridges were also divided in the same manner to set cut-off planes. Point thermal bridges located on cut-off planes were excluded from modeling. The following Equation (3) is an equation that calculates the linear thermal transmittance in accordance with ISO 10211 [16] . The linear thermal transmittance between a panel and a panel ( was calculated by Equation (4) in reference to Equation (3) . The linear thermal transmittance between a panel and a window ( ) was calculated by Equation (5) in reference to Equation (2) and the existing study [21] . In Equation (5), Physibel BISCO v.10 .0w [20] was used to calculated the frame's U-value, and the linear thermal transmittance between a frame and glazing ( ) was calculated in the same way as Equation (4). In Equations (3), (4) and (5), the length of each element ( , , ) followed exterior dimensions as stated in Figure 7 .
Depending on the location, metal panel units slightly varied in the horizontal direction, although they were the same in the vertical direction. For this reason, the study classified P-P vertical linear thermal bridges into 8 different types and P-W vertical linear thermal bridges into 4 types based on the horizontal length of a metal panel unit to calculate each linear thermal transmittance. Figure 6 lists the linear thermal transmittances for vertical and horizontal linear thermal bridges in the existing and alternative metal panel curtain walls derived from the process stated above. The alternative metal panel curtain wall showed an 80% decrease in the linear thermal transmittance between a panel and a panel ( and a 15% decrease in the linear thermal transmittance between a panel and a window ( ) compared with the existing metal panel curtain wall, which confirmed a significant level of thermal bridge reduction effects.
By applying the linear thermal transmittances from above and the linear thermal bridge lengths described on building elevations, additional heat transfer coefficients ( ) of each directional exterior wall were calculated by Equation (2) and are described in Table 12 . Compared with the existing metal panel curtain wall, the additional heat transfer coefficients in the alternative metal panel curtain wall showed a 72% decrease in the east and west exterior walls, which had more linear thermal bridges between panel and panel, and a 48% decrease in the north and south exterior walls, which had more linear thermal bridges between panel and window. Table 13 and Figure 7 show the results of a comparison between the existing and improved walls in terms of annual heating and cooling energy needs. For heating energy needs, the improved wall showed 58,394 kWh, a 26% decrease from the existing wall, which suggests that considerable heating energy-saving effects were achieved by reducing heat loss. For cooling energy needs, in contrast, the improved wall showed 142,470 kWh, a 7% increase from the existing metal panel curtain wall. This resulted because the amount of heat loss through the exterior walls decreased owing to the improved insulation performance of the exterior walls. The amount of heat through the exterior walls is internal heat gain and solar heat gain in summer. For the total energy needs for heating and cooling, the improved wall showed 200,864 kWh, a 6% decrease from the existing wall, demonstrating that it was effective in saving the total usage of energy.
Results of Annual Heating and Cooling Energy Needs Comparison
Conclusions
This study aimed to suggest ways to reduce thermal bridges in joints between metal panels and compare and evaluate the heating and cooling energy-saving effects of the alternative metal panel curtain wall over the existing metal panel curtain wall. The results of the present study are as follows.
According to the results of the insulation performance comparison on a typical external wall area through threedimensional heat transfer simulation, the alternative metal panel curtain wall, which replaced the existing aluminum mold with an ABS plastic mold and the existing aluminum bracket with a thermal broken bracket, showed a 72% decrease in the total heat loss and a 72% decrease in the effective U-value, demonstrating that it had considerable effects on improving the insulation performance. After applying the existing and alternative metal panel curtain walls to an actual office building in Seoul and calculating the linear thermal transmittances of the exterior walls, the study could confirm a significant level of thermal bridge reduction effects in the improved wall with an 80% decrease in the linear thermal transmittance between a panel and a panel ( and a 15% decrease in the linear thermal transmittance between a panel and a window ( ) compared with the existing metal panel curtain wall. The results of applying the existing and alternative metal panel curtain walls to the building and calculating its annual heating and cooling energy needs demonstrated that the alternative metal panel curtain wall was effective in saving energy, showing a 26% decrease in heating energy needs and a 6% decrease in heating and cooling energy needs compared with the existing metal panel curtain wall.
The alternative metal panel curtain wall is as good as existing metal panel curtain wall from the aspects of airtightness, load-bearing, installation, and durability. A follow-up study is planned to conduct a mock-up and final verification of the structural stability and fire resistance of an ABS plastic mold.
